Introduction {#Sec1}
============

Predicting human mobility fluxes between locations is a fundamental problem in transportation science and spatial economics^[@CR1],[@CR2]^. For more than a hundred years researchers have demonstrated the existence of gravity law in railway passenger movements^[@CR3],[@CR4]^, highway car flow^[@CR4],[@CR5]^, cargo shipping volume^[@CR6]^, commuters' trips^[@CR7]^, population migration^[@CR8]^, and so on. Therefore, the corresponding gravity model and its variants become the mostly widely used predictor for mobility fluxes and have found applications in many fields^[@CR9]^, such as urban planning^[@CR10]^, transportation science^[@CR1],[@CR11]^, infectious disease epidemiology^[@CR12],[@CR13]^ and migration prediction^[@CR14]^. However, the gravity model is just an analogy to the Newton's law, without any insights about the underlying mechanism leading to the observed mobility patterns. To capture the underlying mechanism of human mobility, some models accounting for individuals' decisions on destination choices were proposed, including the intervening opportunities (IO) model^[@CR15]^, the radiation model^[@CR16]^ and the population-weighted opportunity (PWO) model^[@CR17],[@CR18]^. Some recently developed novel variants and extensions of the radiation and the gravity model^[@CR19]--[@CR28]^ can more accurately predict commuting, immigration or long distance travel patterns at different spatial scales. However, all these models assume that individuals are independent of each other when selecting destinations, without any interactions.

In reality, individuals consider not only the destination attractiveness and the travelling cost, but also the crowding caused by the people who choose the same destination^[@CR29]--[@CR31]^, as well as the congestion brought by the people on the same way to the destination^[@CR31],[@CR32]^. The crowding in the destination even happens in migration, because the more people move to a certain place, the competition among job seekers and the living expense become higher. For example, in China, the city with larger population are usually of higher house price. However, so far, to our knowledge, there is no mechanistic model about human mobility taking into account the crowding effects caused by spatial interactions among individuals.

In this paper, we propose a so-called destination choice game (DCG) to model individuals' decision-makings about where to go. In the utility function about destination choice, in addition to the travelling cost and the fixed destination attractiveness, we consider the costs resulted from the crowding effects in the destination and the congestion in the way. Extensive empirical studies from intracity trips to intercity travels, and further to internal migrations have demonstrated the advantages of DCG in accurately predicting human mobility fluxes between any two locations, in comparison with other well-known models including the gravity model, IO model, radiation model and PWO model. We have further proved that the famous gravity model is equivalent to a degenerated DCG neglecting the crowding effects in the destination. Therefore, the higher accuracy of the prediction of DCG indicates the existence of the crowding effects on our decision-makings, which also provides a supportive evidence for the underlying hypothesis of the El Farol Bar problem^[@CR29]^ and the minority game^[@CR30]^.

Results {#Sec2}
=======

Model {#Sec3}
-----

We introduce the details of the DCG model in the context of travel issues. The number of individuals $\documentclass[12pt]{minimal}
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In the above destination choice game (DCG), if every individual knows complete information, the equilibrium solution guarantees that all $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${O}_{i}$$\end{document}$ individuals at the same starting location $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$i$$\end{document}$ have exactly the same utility no matter which destinations to be chosen. Strictly speaking, the variable $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{ij}$$\end{document}$ has to be continuous to guarantee the existence of an equilibrium solution, which is a reasonable approximation when there are many individuals in each journey $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$i\to j$$\end{document}$. Figure [1a](#Fig1){ref-type="fig"} illustrates a simple game scene. Considering a simple utility function $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${U}_{ij}={A}_{j}-\frac{1}{3}{D}_{j}-{C}_{ij}-{T}_{ij}$$\end{document}$ that takes into account both the congestion effect on the way and the crowding effect in the destination, we can obtain the equilibrium solution based on the equilibrium condition ($\documentclass[12pt]{minimal}
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Generally speaking, we cannot obtain the analytical expression of the equilibrium solution, instead, we apply the method of successive averages^[@CR34]^ (MSA, see **Methods**) to iteratively approach the solution. Since the Weber-Fechner law^[@CR35]^ (see **Methods**) in behavioral economics is a good explanation of how humans perceive the change in a given stimulus, we select the logarithmic form determined by the Weber-Fechner law to express the destination payoff function $\documentclass[12pt]{minimal}
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                \begin{document}$${A}_{j}$$\end{document}$ is the location *j*'s attractiveness, which is approximated by the actual number of attracted individuals in the real data.

Prediction {#Sec4}
----------

We use three real data sets, including intracity trips in Abidjan, intercity travels in China and internal migrations in US, to test the predictive ability of the DCG model. The data set of intracity trips in Abidjan is extracted from the anonymous Call Detail Records (CDR) of phone calls and SMS exchanges between Orange Company's customers in Côte d'Ivoire^[@CR38]^. To protect customers' privacy, the customer identifications have been anonymized. The positions of corresponding base stations are used to approximate the positions of starting points and destinations. The data set of intercity travels in China^[@CR18]^ is extracted from anonymous users' check-in records at Sina Weibo, a large-scale social network in China with functions similar to Twitter. Since here we focus on movements between cities, all the check-ins within a prefecture-level city are regarded as the same with a proxy position being the centre of the city. The data set of internal migrations in US is downloaded from <https://www.irs.gov/statistics/soi-tax-stats-migration-data>. This data set is based on year-to-year address changes reported on individual income tax returns and presents migration patterns at the state resolution for the entire US, namely for each pair of states $\documentclass[12pt]{minimal}
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                \begin{document}$$j$$\end{document}$. The fundamental statistics are presented in Table [1](#Tab1){ref-type="table"}. In all the above three data sets and other data sets presented in the Supplementary Information, Table [S1](#MOESM1){ref-type="media"}, every location can be chosen as a destination.Table 1Fundamental statistics of the data sets.Data set\#individuals\#movements\#locationspositional proxyintracity trips in Abidjan154849519710381base stationintercity travels in China15710564976255340prefecture-level cityinternal migrations in USN/A249846451state capitalThe second to fifth columns present the number of individuals, the number of recorded movements, the number of locations and how to estimate the geographical positions of these locations. For migration data, we do not know the precise number of individuals, but it should be close to the number of total records since people usually do not migrate frequently.

We use three different metrics to quantify the proximity of the DCG model to the real data. Firstly, we investigate the travel distance distribution, which is the most representative feature to capture human mobility behaviours^[@CR36],[@CR39],[@CR40]^. As shown in Fig. [2a--c](#Fig2){ref-type="fig"}, the distributions of travel distances predicted by the DCG model are in good agreement with the real distributions. We next explore the probability $\documentclass[12pt]{minimal}
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We next compare the predicting accuracy on mobility fluxes of DCG with well-known models including the gravity models, the intervening opportunities model, the radiation model and the population-weighted opportunities (PWO) model (see **Methods**). In terms of SSI, as shown in Fig. [3](#Fig3){ref-type="fig"}, DCG performs best. Specifically speaking, it is remarkably better than parameter-free models like the radiation model and the PWO model and slightly better than the gravity model with two parameters. Supplementary Information, Additional validation of the DCG model shows extensive empirical comparisons between predicted and real statistics as well as accuracies of different methods for more data sets involving travels inside and between cities in Japan, UK, Belgium, US and Norway. Again, in terms of SSI, DCG outperforms other benchmarks in all cases. Not only that, DCG also better predicts the travel distance distribution $\documentclass[12pt]{minimal}
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                \begin{document}$$P(D)$$\end{document}$ in most cases (see Figs [S5](#MOESM1){ref-type="media"} and [S6](#MOESM1){ref-type="media"} and Tables [S2](#MOESM1){ref-type="media"} and [S3](#MOESM1){ref-type="media"}).Figure 3Comparing predicting accuracy of the DCG model and well-known benchmarks in terms of SSI.

Derivation of the gravity model {#Sec5}
-------------------------------

To further understand the advantage of the DCG model in comparison with the well-adopted gravity models, we give a close look at the key mechanism differentiated from all previous models, that is, the extra cost caused by the crowding effect, as inspired by the famous *minority game*^[@CR30]^. Accordingly, we test a simplified model without the term $\documentclass[12pt]{minimal}
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                \begin{document}$${U}_{ij}={A}_{j}-{C}_{ij}-{T}_{ij}$$\end{document}$ that only takes into account the congestion effect on the way. Similar to the case shown in Fig. [1b](#Fig1){ref-type="fig"}, the equilibrium solution can be obtained by the equilibrium condition and the conservation law. For a more general and complicated utility function (by removing the term related to the crowding effect in Eq. ([2](#Equ2){ref-type=""}))$$\documentclass[12pt]{minimal}
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Since the objective function is strictly convex, the solution is existent and unique. Applying the Lagrange multiplier method, we can obtain the solution of Eq. ([4](#Equ4){ref-type=""}), which is exactly the same to the gravity model with two free parameters (i.e., Gravity 2, Eq. ([11](#Equ11){ref-type=""})), and if we set $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha =1$$\end{document}$ in Eq. ([3](#Equ3){ref-type=""}), the solution degenerates to the gravity model with one free parameter (i.e., Gravity 1, Eq. ([10](#Equ10){ref-type=""})). The detailed derivation is shown in Supplementary Information, Derivation of the gravity model using potential game theory. The significance of such interesting finding is threefold. Firstly, it provides a theoretical bridge that connecting the DCG model and the gravity model, which are seemingly two unrelated theories. Indeed, it provides an alternative way to derive the gravity model. Secondly, comparing with the gravity models, the higher accuracy of the prediction from the DCG model suggests the existence of the crowding effect in our decision-making about where to go, which also provides a positive evidence for the validity of the critical hypothesis underlying the minority game. Thirdly, the improvement of accuracy from Gravity 2 to the DCG model can be treated as a measure for the crowding effect, which is, to our knowledge, the first quantitative measure for the crowding effect in human mobility.

Discussion {#Sec6}
==========

In summary, the theoretical advantages of DCG are twofold. First of all, it does not require any prerequisite from God's perspective, like the constraint on total costs in the maximum entropy approach^[@CR42],[@CR43]^ and the deterministic utility theory^[@CR44]^, or any oversubtle assumption, like the independent identical Gumbel distribution to generate the hypothetically unobserved utilities associated with travels in the random utility theory^[@CR45]^. Instead, the two assumptions underlying DCG, namely (i) each individual chooses a destination to maximize his utility and (ii) congestion and crowding will decrease utility, are very reasonable. Therefore, in comparison with the above-mentioned theories, DCG shows a more realistic explanation towards the gravity model by neglecting the crowding effect in destinations (see some other derivations to the gravity model in Supplementary Information, Other derivations of the gravity model). Secondly, the present game theoretical framework is more universal and extendable. As the travelling costs and crowding effects are naturally included in the utility function, DCG is easy to be extended to deal with more complicated spatial interactions that depend on individuals' choices about not only destinations, but also departure time, travel modes, travel routes, and so on^[@CR46]--[@CR48]^. Not only that, the utility function of DCG can also be extended in predicting specific mobility behaviours. For example, when predicting the mobility fluxes in a multi-modal transportation system, the logarithmic (or linear logarithmic) function of distance is usually used to calculate the fixed travel cost between locations, while when predicting in a single-modal transportation system, the linear cost-distance function is usually used^[@CR36]^. For the destination payoff, destination crowding cost and route congestion cost in the utility function, although the DCG model has obtained better prediction accuracy by using the logarithmic functions inspired by the Weber-Fechner law, the realistic payoff and cost functions may be much more complicated. Therefore if we can mine real cost functions by some machine learning algorithms from real data, the prediction accuracy could be further improved.

In addition to theoretical advantages, DCG could better aid government officials in transportation intervention. For example, if the government would like to raise congestion charges in some areas (e.g., in Beijing, the parking fees in central urban areas are surprisingly high), the parameter-free models like the radiation model and the PWO model cannot predict the quantitative impacts on travelling patterns since the population distribution is not changed, instead, the game theoretical framework could respond to the policy changes by rewriting its utility function. Another example is to forecast and regulate tourism demand^[@CR49]^. In China, in the vacations of the National Day and the Spring Festival, many people stream in a few most popular tourist spots, leading to unimaginable crowding and great environmental pressure. Recently, Chinese government forecasts tourism demand before those golden holidays based on the booking information about air tickets, train tickets and entrance tickets, and then the visitors are effectively redistributed to more diverse tourist spots with remarkable decreases of visitors to the most noticed a few spots. Such phenomenon can be explained by the crowding effects in the destination choices, but none of other known models. In a word, DCG is more relevant to real practices and thus of potential to be enriched towards an assistance for decision making.

Methods {#Sec7}
=======

Method of successive averages {#Sec8}
-----------------------------

The method of successive averages (MSA) is an iterative algorithms to solve various mathematical problems^[@CR34]^. For a general fixed point problem $\documentclass[12pt]{minimal}
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**Step 2**: Calculate a new solution for the number of individuals travelling from $\documentclass[12pt]{minimal}
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**Step 3**: Calculate the average solution$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{ij}^{({\bf{n}}+\mathrm{1)}}\mathrm{=(1}-{\lambda }^{({\bf{n}})}){T}_{ij}^{({\bf{n}})}+{\lambda }^{({\bf{n}})}{F}_{ij}^{({\bf{n}})}\mathrm{.}$$\end{document}$$
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For simplicity, we use a fixed parameter $\documentclass[12pt]{minimal}
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Weber-Fechner law {#Sec9}
-----------------

Weber-Fechner Law (WFL) is a well-known law in behavioural psychology^[@CR35]^, which represents the relationship between human perception and the magnitude of a physical stimulus. WFL assumes the differential change in perception d*p* to be directly proportional to the relative change d*W*/*W* of a physical stimulus with size *W*, namely $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rm{d}}p=\kappa {\rm{d}}W/W$$\end{document}$, where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$${W}_{0}$$\end{document}$ can be interpreted as stimulus threshold. This equation means the magnitude of perception is proportional to the logarithm of the magnitude of physical stimulus. The WFL is widely used to determine the explicit quantitative utility function in behavioural economics^[@CR35]^, and thus we adopt it in Eq. ([2](#Equ2){ref-type=""}).

Sørensen similarity index {#Sec10}
-------------------------

Sørensen similarity index is a similarity measure between two samples^[@CR37]^. Here we apply a modified version^[@CR17]^ of the index to measure whether real fluxes are correctly reproduced (on average) by theoretical models, defined as$$\documentclass[12pt]{minimal}
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Parameter estimation {#Sec11}
--------------------

We use grid search method^[@CR50]^ to estimate the three parameters *α*, *β* and *γ* of the DCG model. We first set the candidate value for each parameter from 0 to 10 at an interval of 0.01, and then exhaust all the candidate parameter sets to calculate the SSI (see Eq. ([8](#Equ8){ref-type=""})) of the DCG model, and finally select the parameter set that maximizes SSI. The parameter estimation results are shown in Supplementary Information, Table [S1](#MOESM1){ref-type="media"}.

Benchmark models {#Sec12}
----------------

We select two classical models, the gravity model and the intervening opportunities model, and two parameter-free models, the radiation model and the population-weighted opportunities model, as the benchmark models for comparison with the DCG model.(i)The gravity model is the earliest proposed and the most widely used spatial interaction model^[@CR2]^. The basic assumption is that the flow $\documentclass[12pt]{minimal}
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